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(57) ABSTRACT

Methods and apparatus for enabling effective decoding of
rate-compatible punctured codes are presented herein. A
puncturing component can dertve one or more partial punc-
turing patterns and corresponding decoding matrices/graphs
that represent punctured code from a parity check matrix/
graph of a mother code and a puncturing pattern specified for
the mother code. Further, a rowcombining component can
combine rows of the parity check matrix/graph based on the
derived one or more partial puncture patterns. Further, the
rowcombining component can create at least one decoding
matrix/graph to represent the punctured code based on the
combined rows. In addition, a selection component can select
a decoding matrix/graph from the created at least one decod-
ing matrix/graph that does not contain a girth-4 cycle.
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ITERATIVE DECODING OF PUNCTURED
LOW-DENSITY PARITY CHECK CODES BY
SELECTION OF DECODING MATRICES

TECHNICAL FIELD

This disclosure relates generally to data communication,
and 1n particular, but not exclusively, relates to methods and
apparatus for implementing rate-compatible punctured cod-
ing using Low-density Parity-check (LDPC) codes.

BACKGROUND

Low-density Parity-check (LDPC) code 1s a type of error
correcting code used to transmit messages over noisy trans-
mission channels. Many communication systems and stan-
dards employ LDPC coding to ensure reliable communica-

tions (e.g., satellite systems, digital video broadcasting
(DVB-S2), 3GPP2, wireless local area networks (IEEE

802.11), broadband wireless access/ WiMax (IEEE 802.16),
mobile broadband wireless access (IEEE 802.20), etc.).

To account for transmission errors, conventional tech-
niques add redundant bits (e.g. parity bits) to a bit stream of an
encoded message when the bit stream 1s transmitted. For
example, a recerver can reduce a bit error rate (BER) of an
LDPC encoded message by utilizing parity bits. Other tech-
niques can incrementally remove parity bits from a bit stream
by puncturing (or deleting) the parity bits according to a
puncture pattern. When errors are detected by a recerver, a
transmitter can send punctured parity bits to the receiver and
the receiver can use the parity bits to reduce bit errors.

LDPC punctured code includes a series of rate-compatible
punctured codes that can be obtained by successively punc-
turing a mother (or original) LDPC code—high-rate (e.g.,
punctured) codes are embedded into lower-rate codes derived
from the mother LDPC code. If higher rate codes are not
suificient to decode channel (e.g., transmission) errors, punc-
tured bits can be transmitted to improve an associated BER.
For example, rate-compatible punctured codes are widely
used 1n combination with retransmission schemes (e.g., a
hybrid automatic repeat request (H-ARQ) retransmission
scheme), 1n which punctured bits are incrementally transmit-
ted when errors are detected 1n a recerved data packet. A
mother code and a series of rate-compatible puncturing pat-
terns are sullicient to accommodate difierent efl

ective code

rates associated with, e.g., an H-ARQ retransmaission scheme.
Under such a scheme, a received data packet can be decoded
using an iterative decoder tailored to the mother code—the
decoder uses a graph/matrix of the mother code to decode
rate-compatible punctured codes by treating punctured bits
on the graph/matrix of the mother code as erased bits. How-
ever, such conventional rate-compatible decoding techniques
result 1n increased decoding complexity and latency.
Therefore, there 1s a need to provide methods and appara-

tus to eflectively decode rate-compatible punctured LDPC
codes.

SUMMARY

The following presents a simplified summary of the 1nno-
vation to provide a basic understanding of some aspects
described herein. This summary 1s not an extensive overview
of the disclosed subject matter. It 1s not intended to 1dentily
key or critical elements of the disclosed subject matter or
delineate the scope of the subject innovation. Its sole purpose
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2

1s to present some concepts of the disclosed subject matter 1n
a simplified form as a prelude to the more detailed description

that 1s presented later.

The claimed subject matter relates to methods and appara-
tus for effectively decoding rate-compatible punctured Low-
density Parity-check (LDPC) codes. Conventional rate-com-
patible LDPC decoding technology wastes valuable
computing resources and indeterministically decodes succes-
stve rate-compatible LDPC codes by using a mother code
matrix/graph to decode punctured LDPC code.

Compared to conventional rate-compatible LDPC decod-
ing techniques, the novel methods and apparatus of the
claimed subject matter improve LDPC decoding pertor-
mance by dertving, from a mother code matrix/graph, a
decoding matrix/graph that can be used to decode rate-com-
patible LDPC code.

According to one aspect of the disclosed subject matter, a
puncturing component can derive one or more puncture sub-
sets of a puncturing pattern of a target rate of a mother code
for a parity check matrix/graph of the mother code. A row-
combining component can combine rows of the parity check
matrix/graph as a function of the derived puncture subset(s).
In addition, the rowcombining component can create differ-
ent decoding matrices/graphs to represent punctured code
based on the combined rows. Further, a selection component
can select a decoding matrix/graph from the created decoding
matrices/graphs that does not contain a girth-4 cycle. In this
way, the novel methods and apparatus of the subject invention
enable ellicient decoding of punctured LDPC code.

In one aspect of the disclosed subject matter, the rowcom-
bining component can combine rows of the parity check
matrix/graph of the mother code by puncturing (or removing)
a bit from at least one parity check equation. The bit can be
punctured by subtracting (or modulo-2 adding) one parity
check matrix/graph with 1tself and other parity check equa-
tions associated with the bit. By removing the bit and one
associated parity check equation from the parity check
matrix/graph, a decoding matrix/graph can be selected to
enable effective decoding of rate-compatible punctured code.

According to another aspect of the disclosed subject mat-
ter, a graph component can derive a girth-4-free graph that
corresponds to the punctured code based on the selected
decoding matrnix/graph and corresponding derived partial
puncture pattern(s) of the puncture pattern. The girth-4-free
graph (1.¢., graph that does not include girth 4 cycles) can be
used to decode the punctured code. In yet another aspect of
the subject mvention, a decode component can use the
selected decoding matrix/graph to 1iteratively decode the
punctured code more etficiently than conventional rate-com-
patible decoding techniques since bits punctured according to
the novel methods and apparatus of the claimed subject mat-
ter do not have to be recovered during the decoding process.

The following description and the annexed drawings set
forth 1n detail certain illustrative aspects of the disclosed
subject matter. These aspects are indicative, however, of but a
few of the various ways 1n which the principles of the inno-
vation may be employed. The disclosed subject matter 1s
intended to include all such aspects and their equivalents.
Other advantages and distinctive features of the disclosed
subject matter will become apparent from the following
detailed description of the mmnovation when considered 1n
conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the
invention are described with reference to the following fig-
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ures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FI1G. 1 illustrates a demonstrative system for determining a
matrix/graph representation of a rate-compatible punctured
Low-density Parity-check (LDPC) code, in accordance with
an embodiment of the mvention.

FIG. 2 illustrates an LDPC code graph and equivalent code
matrix, 1n accordance with an embodiment of the invention.

FIG. 3 1llustrates a demonstrative system that includes a
pattern component for creating a modified puncturing pattern
tor decoding rate-compatible punctured LDPC code based on
an equivalent decoding matrix/graph, 1n accordance with an
embodiment of the invention.

FIG. 4 1llustrates a demonstrative system that includes a
graph component for dertving a girth-4-free graph that rep-
resents a rate-compatible punctured LDPC code, 1n accor-
dance with an embodiment of the invention.

FIG. 5 1llustrates a demonstrative system that includes a
decode component for decoding the rate-compatible punc-
tured LDPC code based on a girth-4-free decoding matrix/
graph, 1n accordance with an embodiment of the mvention.

FIG. 6 illustrates a process for determining a matrix/graph
representation of a rate-compatible punctured LDPC code, in
accordance with an embodiment of the invention.

FI1G. 7 illustrates another process for determining a matrix/
graph representation of a rate-compatible punctured LDPC
code, 1n accordance with an embodiment of the invention.

FIG. 8 illustrates yet another process for determining a
matrix/graph representation of a rate-compatible punctured
LDPC code, 1n accordance with an embodiment of the inven-
tion.

FI1G. 9 1llustrates a process for determining a matrix/graph
representation ol a rate-compatible punctured block-type
LDPC (B-LDPC) code, in accordance with an embodiment of
the 1nvention.

FIG. 10 1llustrates a block diagram of an apparatus that
creates a matrix/graph representation of a rate-compatible
punctured LDPC code, 1n accordance with an embodiment of
the 1nvention.

FI1G. 11 1llustrates a process performed by an apparatus that
creates a matrix/graph representation ol a rate-compatible
punctured LDPC code, 1n accordance with an embodiment of
the 1nvention.

FIG. 12 1llustrates a block diagram of an apparatus that
creates a matrix/graph representation ol a rate-compatible
punctured B-LDPC code, 1n accordance with an embodiment
of the mvention.

FIG. 13 1illustrates a block diagram of a decoder that
obtains an efficient decoding representation of a rate-compat-
ible punctured LDPC code based on an equivalent decoding
matrix/graph, 1n accordance with an embodiment of the
invention.

FI1G. 14 illustrates a block diagram of a computer operable
to execute the disclosed methods and apparatus, 1n accor-
dance with an embodiment of the invention.

FI1G. 15 illustrates a schematic block diagram of an exem-
plary computing environment, 1n accordance with an embodi-
ment of the mvention.

DETAILED DESCRIPTION

Embodiments of methods and apparatus for enabling effi-
cient decode of rate-compatible punctured Low-density Par-
ity-check (LDPC) codes are described herein.

In the following description, numerous specific details are
set forth to provide a thorough understanding of the embodi-
ments. One skilled 1n the relevant art will recognize, however,

10

15

20

25

30

35

40

45

50

55

60

65

4

that the techniques described herein can be practiced without
one or more of the specific details, or with other methods,
components, materials, etc. In other instances, well-known
structures, materials, or operations are not shown or described
in detail to avoid obscuring certain aspects.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described 1n connection with the
embodiment 1s included 1n at least one embodiment of the
present invention. Thus, the appearances of the phrase “in one
embodiment” or “mn an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment. Furthermore, the particular fea-
tures, structures, or characteristics may be combined 1n any
suitable manner in one or more embodiments.

As utilized herein, terms “component,” “system,” “inter-
face,” and the like are intended to refer to a computer-related
entity, hardware, software (e.g., 1n execution), and/or firm-
ware. For example, a component can be a process running on
a processor, a processor, an object, an executable, a program,
and/or a computer. By way of illustration, an application
running on a server and the server can be a component. One or
more components can reside within a process and a compo-
nent can be localized on one computer and/or distributed
between two or more computers.

The word “exemplary” and/or “demonstrative” 1s used
herein to mean serving as an example, istance, or 1llustra-
tion. For the avoidance of doubt, the subject matter disclosed
herein 1s not limited by such examples. In addition, any aspect
or design described herein as “exemplary” and/or “demon-
strative” 1s not necessarily to be construed as preferred or
advantageous over other aspects or designs, nor 1s 1t meant to
preclude equivalent exemplary structures and techniques
known to those of ordinary skill in the art. Furthermore, to the
extent that the terms “includes,” “has,” “contains,” and other
similar words are used 1n erther the detailed description or the
claims, such terms are intended to be inclusive—in a manner
similar to the term “comprising’ as an open transition word—
without precluding any additional or other elements.

Artificial intelligence based systems (e.g., explicitly and/or
implicitly trained classifiers) can be employed 1n connection
with performing inference and/or probabilistic determina-
tions and/or statistical-based determinations as 1n accordance
with one or more aspects of the disclosed subject matter as
described herein. For example, 1n one embodiment, an artifi-
cial mtelligence system can be used utilized 1n accordance
with process 700 described below to automatically determine
a matrix/graph representation of a rate-compatible punctured
LDPC code, and/or 1n accordance with decoder 1300 to auto-
matically obtain an efficient decoding representation of the
rate-compatible punctured LDPC code by utilizing an equiva-
lent decoding matrix/graph without girth 4 cycles. One or
more components (e.g., hardware devices and/or software
processes) can be utilized by an artificial intelligence system
to perform the methods and apparatus disclosed herein.

As used herein, the term “infer” or “inference” refers gen-
erally to the process of reasoning about or inferring states of
the system, environment, user, and/or intent from a set of
observations as captured via events and/or data. Captured
data and events can include user data, device data, environ-
ment data, data from sensors, sensor data, application data,
implicit data, explicit data, etc. Inference can be employed to
identily a specific context or action, or can generate a prob-
ability distribution over states of interest based on a consid-
eration of data and events, for example.

Inference can also refer to techniques employed for com-
posing higher-level events from a set of events and/or data.
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Such inference results 1n the construction of new events or
actions from a set of observed events and/or stored event data,
whether the events are correlated 1n close temporal proximaity,
and whether the events and data come from one or several
event and data sources. Various classification schemes and/or
systems (e.g., support vector machines, neural networks,
expert systems, Bayesian belief networks, fuzzy logic, and
data fusion engines) can be employed 1n connection with
performing automatic and/or inferred action 1n connection
with the disclosed subject matter.

In addition, the disclosed subject matter may be 1mple-
mented as a method, apparatus, or article of manufacture
using standard programming and/or engineering techniques
to produce software, firmware, hardware, or any combination
thereof to control a computer to implement the disclosed
subject matter. The term “article of manufacture™ as used
herein 1s intended to encompass a computer program acces-
sible from any computer-readable device, computer-readable
carrier, or computer-readable media. For example, computer-
readable media can include, but are not limited to, magnetic
storage devices (e.g., hard disk, tloppy disk, magnetic strips),
optical disks (e.g., CD, DVD), smart cards, and flash memory
devices (e.g., card, stick, key drive).

The subject invention provides methods and apparatus for
enabling efficient decoding of rate-compatible punctured
Low-density Parity-check (LDPC) codes. By finding an
equivalent decoding matrix/graph of a rate-compatible punc-
tured LDPC code, the novel methods and apparatus of the
subject 1nvention reduce iterative decoder complexity and
communication system latency.

FI1G. 1 1llustrates a demonstrative system 100 for determin-
ing a matrix/graph representation of a rate-compatible punc-
tured Low-density Parity-check (LDPC) code, 1n accordance
with an embodiment of the invention. System 100 and the
systems and processes explained below may constitute
machine-executable mstructions embodied within a machine
(e.g., computer) readable medium, which when executed by a
machine will cause the machine to perform the operations
described. Additionally, the systems and processes may be
embodied within hardware, such as an application specific
integrated circuit (ASIC) or the like. The order in which some
or all of the process blocks appear in each process should not
be deemed limiting. Rather, 1t should be understood by a
person of ordinary skill in the art having the benefit of the
istant disclosure that some of the process blocks may be
executed 1n a variety of orders not illustrated.

The following discussion references a punctured LDPC
code graph 210 and an equivalent code matrix 220 (1llustrated
by FIG. 2) to provide context for aspects ol an exemplary
operation of system 100. As described above, rate-compatible
punctured codes can be obtained by conventional technology
through successive puncture of a mother code (or original
code), which embeds high-rate codes into lower-rate codes
derived from the mother code. A data packet associated with
the mother code can be decoded using a decoder tailored to
the mother code since the decoder only requires a puncture
pattern corresponding to one of the high-rate codes. However,
conventional rate-compatible LDPC decoding techniques
result 1n reduced decoding performance and increased power
consumption because such techniques use the mother code
matrix/graph to decode rate-compatible LDPC code.

In contrast, system 100 determines a matrix/graph repre-
sentation (e.g., equivalent code matrix 220) of a rate-compat-
ible punctured Low-density Parity-check (LDPC) code to
enable efficient decoding of rate-compatible punctured
LDPC codes. Asillustrated by FIG. 1, system 100 can include

a puncturing component 110, a rowcombining component
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6

120, and a selection component 130. Puncturing component
110 can derive a number of partial puncturing patterns of a
puncturing pattern related to a target rate of a mother code. As
described below, the partial puncturing patterns can be used
by rowcombining component 120 to create corresponding
modified code matrices/graphs (or equivalent decoding
matrices/graphs) that can provide equivalent representations
of targeted punctured code specified by a puncturing pattern
and parity check matrix/graph of the mother code (e.g., LDPC
code graph 210 1llustrated by FIG. 2). LDPC code graph 210
1s a 9x12 mother code matrix/graph that depicts 9 rows asso-
ciated with 12 bats. Each row 1s associated with a parity check
equation (or codeword) (e.g., €,-¢;), and each codeword 1s
associated with 12 bits (e.g., b,-b, ) related to variable nodes
ol a mother code.

LDPC code graph 210 includes three types of nodes (not
described 1n FIG. 2): (1) information nodes that represent
information bits to be recovered from an associated code-
word; (2) un-punctured parity nodes associated with parity
bits; and (3) punctured parity nodes. By eliminating punc-
tured parity nodes in LDPC code graph 210, system 100 can
create a parity check matrix (e.g., equivalent code matrix 220)
that represents rate-compatible punctured LDPC code.
Unlike conventional techniques, equivalent code matrix 220
can be used in place of a parity check matrix/graph of a
mother code (e.g., LDPC code graph 210) to decode the
rate-compatible punctured LDPC code—reducing decode
complexity and increasing decode performance.

Each bit puncture 1n a codeword 1s equivalent to eliminat-
ing a variable node from an associated mother code graph. A
punctured node of degree k corresponds to an intermediate
punctured parity (or dummy) variable imnvolved in calculating
checksums associated with k parity check equations. Such a
node 1s also called an invisible node. The dummy variable can
be eliminated by combining the k parity check equations into
(k—1) panity check equations. To this end, rowcombining
component 120 can combine rows of a parity check matrix/
graph of a mother code (e.g., LDPC code graph 210) as a
function of the partial puncturing patterns derived by punc-
turing component 110. Further, rowcombining component
120 can create at least one equivalent decoding matrix/graph
(e.g., equivalent code matrix 220) to represent rate-compat-
ible punctured LDPC code, based on the combined rows of
the parity check matrix/graph of the mother code.

As 1llustrated by FIG. 2, rowcombining component 120
can puncture bit 6 (, ) from LDPC code graph 210 by elimi-
nating bit 6 from all parity check equations implicating bit 6.
Bit 6 has a degree of 3 and 1s imvolved 1n check
equations _, s, and . To puncture bit 6, rowcombining
component can subtract (or modulo-2 add) equation ¢, from
(or to) equations ¢, €5, and e,, respectively. As a result of this
“rowcombining” operation, punctured bit 6 and check equa-
tion e, are removed from equivalent code matrix 220. Further,
selection component 130 can select a decoding matrix/graph
from the at least one decoding matrix/graph created by row-
combining component 120, which can be used 1n place of
LDPC code graph 210 to decode rate-compatible LDPC code.
In one example, selection component can select a decoding
matrix/graph that does not contain a girth-4 cycle.

In another embodiment (not shown), system 100 can create
a decoding matrix/graph to represent a rate-compatible punc-
tured block-type LDPC (B-LDPC) code. For example, punc-
turing component 110 can derive a number of partial punc-
turing patterns for each block size z of a B-LDPC mother code
matrix/graph, and rowcombining component 120 can com-
bine rows of the B-LDPC mother code matrix/graph based on
the dertved partial puncturing patterns. In addition, rowcom-
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bining component 120 can create a decoding matrix/graph for
the rate-compatible punctured B-LDPC code. Further, selec-
tion component 130 can select an equivalent decoding matrix/
graph that can be used in place of the B-LDPC mother code
matrix/graph to decode the rate-compatible punctured
B-LDPC code for each block size. In this way, system 100 can
tacilitate faster decoding convergence and lower computa-
tional complexity compared to conventional technology that
uses a mother code matrix/graph to iteratively decode rate-
compatible punctured B-LDPC code because punctured (re-
moved) blocks of bits do not have to be recovered by a
decoder.

In one embodiment, selection component 130 can select a
girth-4-free decoding matrix/graph (i.e., a matrix/graph free
of girth 4 levels) for each block size z to represent rate-
compatible punctured B-LDPC code. The girth of a graph 1s
defined as a length of the shortest loop (or cycle) present 1n a
mother codes” equivalent Tanner graph. A Tanner graph 1s a
visual representation of a parity check matrix (H) of a mother
code, and can include (1) a variable node for each codeword
bit; and (2) a check node for each parity-check equation
represented by the parity check matrix H. By selecting a
girth-4-free decoding matrix/graph representative of the rate-
compatible punctured B-LDPC code, decoding performance
can be further enhanced.

Now referring to FIG. 3, a demonstrative system 300 that
includes a pattern component 310 for creating a modified
puncturing pattern for decoding the rate-compatible punc-
tured LDPC code based on an equivalent decoding matrix/
graph 1s 1llustrated, in accordance with an embodiment of the
invention. Pattern component 310 can create the modified
puncturing pattern based on the partial puncturing patterns
derived by puncture component 110. As described below (see
e.g., F1G. 7, F1G. 13), the modified puncturing pattern created
by pattern component 310 can be used for decoding the rate-
compatible LDPC code based on the decoding matrix
selected by component 130.

FIGS. 4 and 3 illustrate, respectively, a demonstrative sys-
tem 400 that includes a graph component 410 for dertving a
girth-4-free decoding matrix/graph that represents a rate-
compatible punctured LDPC code, and a demonstrative sys-
tem S00 that includes a decode component 510 for decoding
the rate-compatible punctured LDPC code based on the girth-
4-free decoding matrix/graph, 1n accordance with an embodi-
ment of the mvention.

Graph component 410 can derive the girth-4-free decoding
matrix/graph based on (1) a decoding matrix/graph (e.g.,
equivalent code matrix 220) selected by component 130 of
system 100 and (2) a modified puncturing pattern created by
pattern component 310. Correspondingly, decode component
510 can decode the rate-compatible punctured LDPC code
associated with the girth-4-free decoding matrix/graph by
using the modified puncturing pattern. In one embodiment,
the modified puncturing pattern can be determined by pattern
component 310 based on the difference between a puncturing
pattern related to a target rate of a mother code and selected
partial puncturing patterns dertved by puncturing component
110——resulting 1n a decoding matrix/graph without girth-4
cycles.

FIGS. 6-9 and 11 1illustrate methodologies in accordance
with the disclosed subject matter. For simplicity of explana-
tion, the methodologies are depicted and described as a series
of acts. It 1s to be understood and appreciated that the subject
innovation 1s not limited by the acts illustrated and/or by the
order of acts. For example, acts can occur 1n various orders
and/or concurrently, and with other acts not presented or
described herein. Furthermore, not all illustrated acts may be
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required to implement the methodologies in accordance with
the disclosed subject matter. In addition, those skilled in the
art will understand and appreciate that the methodologies
could alternatively be represented as a series of interrelated
states via a state diagram or events. Additionally, it should be
turther appreciated that the methodologies disclosed herein-
alter and throughout this specification are capable of being
stored on an article of manufacture to facilitate transporting
and transferring such methodologies to computers. The term
article of manufacture, as used herein, 1s intended to encom-
pass a computer program accessible from any computer-read-
able device, carrier, or media.

Referring now to FIG. 6, a process 600 for determining a
matrix/graph representation of a rate-compatible punctured
LDPC code 1s 1llustrated, 1n accordance with an embodiment
of the invention. At 610, one or more puncturing patterns can
be created from a puncturing pattern of a mother code matrix/
graph. One or more bits of the mother code matrix/graph can
be punctured, at 620, based on the one or more created punc-
turing patterns. At 630, a decoding matrix/graph can be
selected to represent the rate-compatible punctured LDPC
code based on the one or more punctured bits. In this way,
rate-compatible LDPC code can be decoded faster and with
lower computational complexity than conventional methods
that use a mother code matrix/graph to iteratively decode
rate-compatible codes. Further, a girth-4-1ree graph that rep-
resents the rate-compatible punctured LDPC code can be
obtained at 640 to facilitate improved decoding performance.

FIG. 7 illustrates another process (e.g., process 700) for
determining a matrix/graph representation of a rate-compat-
ible punctured LDPC code, 1n accordance with an embodi-
ment of the mvention. At 710, a mother code parity check
matrix (H) and a puncturing pattern (PP) of the mother code
parity check can be received. Inthe embodiment 1llustrated by
FIG. 7, the parity check matrix represents LDPC mother
code. However, 1n another embodiment (not 1llustrated), the
parity check matrix can represent B-LDPC mother code asso-
ciated with a block size z—accordingly, block size z can also
be recerved at 710. At 720, loop variable N can be 1mitialized
to a value of —1. Loop variable N can be decremented by 1 at
730.

At 740, a puncture pattern (PP,,) can be determined based
on a value of loop variable N and a not-yet considered com-
bination of p—N elements of the puncturing pattern PP, in
which p represents the size of the puncturing patter PP (or a
number of puncturing positions included 1n puncturing pat-
tern PP). Rows are combined 1n the mother code parity check
matrix H (or parity bits punctured, as described above) at 750
to obtain an equivalent parity check matrix (H'), based on the
determined puncture pattern PP,. At 760, 1t can be deter-
mined whether the equivalent parity check matrix H' contains
a girth-4 cycle. Flow of process 700 can continue to 730 1f 1t
1s determined that the equivalent parity check matrix H' con-
tains at least one girth-4 cycle. However, 1f 1t 1s determined
that equivalent parity check matrix H' does not contain at least
one girth-4 cycle, flow of process 700 can continue to 770, at
which a smallest modified puncturing pattern
PP'corresponding to the equivalent decoding matrix H' can be
computed as PP'=PP-PP,, for a targeted punctured code. Fur-
ther, the equivalent parity check matrix H' and corresponding
puncturing pattern PP' can be output at 770.

FIG. 8 1llustrates yet another process (e.g., 800) for deter-
mining a matrix/graph representation of a rate-compatible
punctured LDPC code, 1n accordance with an embodiment of
the invention. A partial puncturing pattern for each puncture
position of a rate-compatible punctured code can be derived
at 810. Rowcombining of the parity check matrix of a code
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can be performed at 820 to find the equivalent decoding
matrix after puncturing a bit from the code. The bit can be
punctured by modulo-2 adding one parity check equation
with 1tself and other parity check equations associated with
the bit. At 830, the punctured bit and one associated parity
check equation can be removed from the parity check matrix/
graph based on the modulo-2 addition (or subtraction in the
alternative). A row that contains all zeros as a result of the
modulo-2 addition can be deleted at 840. At 850, a decoding,
matrix/graph can be selected to represent the rate-compatible
punctured code based on the row deletion. This decoding,
matrix/graph can be used, instead of the parity check matrix/
graph of the mother code, to obtain the rate-compatible punc-
tured code more etficiently than conventional rate-compat-
ible decoding techniques.

FIG. 9 1llustrates a process 900 for determining a matrix/
graph representation of a rate-compatible punctured block-
type LDPC (B-LDPC) code, 1n accordance with an embodi-
ment of the mvention. The following discussion provides
context for aspects of an exemplary operation of process 900.
A standardized B-LDPC code with a dual-diagonal structure
(such as those specified in IEEE 802.16¢) can relate to a parity
check matrix H of dimension m.z by n.z, which can be viewed
as an m by n array of z-dimensional square block matrices,
cach of which 1s either a circulant permutation matrix (de-
noted by a circular shift number) or an all-zero matrix (de-
noted by —1). Due to 1ts block matrix structure, a parity check
matrix of a B-LDPC code can be fully specified through a
base matrix consisting of the circular shift numbers and -1.
By specitying a range of values of z, multiple LDPC codes
with the same code rate, but different code lengths, can be
supported (i1.e., B-LDPC code can support scalable code
lengths). A base matrix can be constructed to ensure that a
resultant parity check matrix with the smallest supported
block size z has no cycles of small girth (1.e., girth>4).

Now referring to FIG. 9, a block puncturing pattern for a
mother B-LDPC code parity check matrix with block size z
can be created at 910. At 920, block-wise puncturing of the
mother B-LDPC code parity check matrix can be performed
as a function of a block-wise puncturing pattern. A decoding
matrix that 1s a graph absent girth 4 cycles can be selected to
represent an equivalent decoding matrix/graph of the
B-LDPC punctured code of block size z at 930. At 940, a
graph absent girth 4 cycles that represents the equivalent
decoding matrix/graph of the B-LDPC punctured code can be
obtained based on an associated selected decoding matrix/
graph and block puncture pattern.

FIG. 10 illustrates a block diagram of an apparatus 1000
that creates a matrix/graph representation of a rate-compat-
ible punctured LDPC code, 1n accordance with an embodi-
ment of the invention. Apparatus 1000, as 1llustrated by FIG.
10, can perform the acts described above, e.g., related to the
discussion of FIGS. 1-3 and 7-8. For example, processor(s)
1010 can receive a parity check matrix (H) of a mother code
and receive a puncture pattern (PP) of the parity check matrix.
Processor(s) 1010 can store the parity check matrix and punc-
ture pattern 1 memory device(s) 1020. In addition,
processor(s) 1010 can determine a puncture pattern based on
the recerved puncture pattern, and combine rows of the parity
check matrix based on the determined puncture pattern (e.g.,
utilizing memory device(s) 1020). Further, processors(s)
1010, utilizing memory device(s) 1020, can select a decoding
matrix and puncture pattern that represent the rate-compat-
ible punctured LDPC code (e.g., as described in the discus-
sion of FIG. 7 above).

FIG. 11 1llustrates a process 1100 performed by an appa-
ratus (e.g., apparatus 1000 illustrated by FIG. 10) that creates
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a matrix/graph representation of a rate-compatible punctured
LDPC code, 1n accordance with an embodiment of the inven-
tion. At 1100, a parity check matrix (H) of amother code (e.g.,
LDPC code, B-LDPC code) and an associated puncture pat-
tern (PP) can be recerved. A puncture pattern (PP,,) can be
determined based on puncture pattern PP at 1120. At 1130,
rows of parity check matrix (H) can be combined based on
determined puncture pattern PP,,. A decoding matrix (H') and
associated puncture pattern (PP') can be selected for repre-
senting a rate-compatible punctured code at 1140. In one
embodiment, the decode matrix can be selected based on
whether 1t includes a girth-4-free graph at a coding rate not
larger than a current coding rate, and not smaller than the
mother coding rate.

FIG. 12 1llustrates a block diagram of an apparatus 1200
that creates a matrix/graph representation of a rate-compat-
ible punctured B-LDPC code, 1n accordance with an embodi-
ment of the invention. Apparatus 1200, as 1llustrated by FIG.
12, can perform the acts described above, e.g., related to the
discussion of FIG. 9. For example, processor(s) 1210 can
receive a parity check matrix (H) of a mother B-LDPC code,
a puncture pattern (PP) for the panty check matrix, and a
block size (z) of the parity check matrix. Processor(s) 1210
can store the parity check matrix H, puncture pattern PP, and
block size z 1 memory device(s) 1220. In addition,
processor(s) 1210 can create a puncturing pattern for each
block of the parity check matrix H based on the puncture
pattern PP. Further, processor(s) 1210 can puncture each
block of the parity check matrix H based on a block punctur-
ing pattern created for the block (e.g., utilizing memory
device(s) 1220). Moreover, processor(s) 1210, utilizing
memory device(s) 1220, can select a decoding matrix/graph
that 1s absent girth 4 cycles to represent B-LDPC punctured
code of block size z. In addition, processor(s) 1210 can obtain
a graph absent girth 4 cycles that represents each block of the
B-LDPC punctured code, based on a selected decoding
matrix and a puncturing pattern of an associated block.

FIG. 13 1llustrates a block diagram of a decoder 1300 that
decodes an equivalent decoding matrix/graph (e.g., a girth-4-
free graph derived by apparatus 1200 1llustrated by FIG. 12)
to obtain rate-compatible punctured LDPC code, 1n accor-
dance with an embodiment of the invention. For example,
processor(s) 1310 can utilize memory device(s) 1320 to
decode an equivalent decoding matrix/graph and obtain a
rate-compatible punctured LDPC code as a function of a
difference between a puncture pattern of a mother LDPC code
graph and a puncture pattern created by pattern component
310 of system 300 (described above).

In order to provide a context for the various aspects of the
disclosed subject matter, FIGS. 14 and 15, as well as the
tollowing discussion, are intended to provide a brief, general
description of a suitable environment 1n which the various
aspects of the disclosed subject matter may be implemented.
While the subject matter has been described above 1n the
general context of computer-executable instructions of a
computer program that runs on a computer and/or computers,
those skilled 1n the art will recognize that the subject innova-
tion also may be implemented in combination with other
program modules. Generally, program modules include rou-
tines, programs, components, data structures, etc. that per-
form particular tasks and/or implement particular abstract
data types.

Moreover, those skilled in the art will appreciate that the
inventive systems may be practiced with other computer sys-
tem configurations, including single-processor or multipro-
cessor computer systems, mini-computing devices, main-
frame computers, as well as personal computers, hand-held
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computing devices (e.g., PDA, phone, watch), microproces-
sor-based or programmable consumer or industrial electron-
ics, and the like. The 1llustrated aspects may also be practiced
in distributed computing environments where tasks are per-
formed by remote processing devices that are linked through
a communications network. However, some, 11 not all aspects
of the claimed innovation can be practiced on stand-alone
computers. In a distributed computing environment, program
modules may be located 1n both local and remote memory
storage devices.

With reference to FIG. 14, a block diagram of a computer
1400 operable to execute the disclosed systems and methods,
in accordance with an embodiment of the invention, includes
a computer 1412. The computer 1412 includes a processing
unit 1414, a system memory 1416, and a system bus 1418.
The system bus 1418 couples system components including,
but not limited to, the system memory 1416 to the processing
unit 1414. The processing unit 1414 can be any of various
available processors. Dual microprocessors and other multi-
processor architectures also can be employed as the process-
ing unit 1414.

The system bus 1418 can be any of several types of bus
structure(s) including the memory bus or memory controller,
a peripheral bus or external bus, and/or a local bus using any

variety of available bus architectures including, but not lim-

ited to, Industrial Standard Architecture (ISA), Micro-Chan-
nel Architecture (MSA), Extended ISA (EISA), Intelligent
Drive Electronics (IDE), VESA Local Bus (VLB), Peripheral
Component Interconnect (PCI), Card Bus, Universal Serial
Bus (USB), Advanced Graphics Port (AGP), Personal Com-
puter Memory Card International Association bus (PCM-
CIA), Firewire (IEEE 1194), and Small Computer Systems
Interface (SCSI).

The system memory 1416 includes volatile memory 1420
and nonvolatile memory 1422. The basic input/output system
(BIOS), containing the basic routines to transfer information
between elements within the computer 1412, such as during,
start-up, 1s stored 1n nonvolatile memory 1422. By way of
illustration, and not limitation, nonvolatile memory 1422 can
include ROM, PROM, EPROM, EEPROM, or tlash memory.
Volatile memory 1420 includes RAM, which acts as external
cache memory. By way of illustration and not limitation,

RAM 1s available 1n many forms such as SRAM, dynamic
RAM (DRAM), synchronous DRAM (SDRAM), double
data rate SDRAM (DDR SDRAM), enhanced SDRAM (ES-
DRAM), Synchlink DRAM (SLDRAM), Rambus direct
RAM (RDRAM), direct Rambus dynamic RAM
(DRDRAM), and Rambus dynamic RAM (RDRAM).

Computer 1412 also includes removable/non-removable,
volatile/nonvolatile computer storage media. FIG. 14 illus-
trates, for example, disk storage 1424. Disk storage 1424
includes, but 1s not limited to, devices like a magnetic disk
drive, floppy disk drive, tape drive, Jaz drive, Zip drive,
L.S-100 drive, flash memory card, or memory stick. In addi-
tion, disk storage 1424 can include storage media separately
or 1n combination with other storage media including, but not
limited to, an optical disk drive such as a compact disk ROM
device (CD-ROM), CD recordable drive (CD-R Drive), CD
rewritable drive (CD-RW Drive) or a digital versatile disk
ROM drive (DVD-ROM). To facilitate connection of the disk
storage devices 1424 to the system bus 1418, a removable or
non-removable interface 1s typically used, such as interface
1426.

It 1s to be appreciated that FIG. 14 describes software that
acts as an intermediary between users and the basic computer
resources described in the suitable operating environment
1400. Such software includes an operating system 1428.
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Operating system 1428, which can be stored on disk storage
1424, acts to control and allocate resources of the computer
system 1412. System applications 1430 take advantage of the
management of resources by operating system 1428 through
program modules 1432 and program data 1434 stored either
in system memory 1416 or on disk storage 1424. It 1s to be
appreciated that the disclosed subject matter can be 1mple-
mented with various operating systems or combinations of
operating systems.

A user enters commands or information into the computer
1411 through input device(s) 1436. Input devices 1436
include, but are not limited to, a pointing device such as a
mouse, trackball, stylus, touch pad, keyboard, microphone,
joystick, game pad, satellite dish, scanner, TV tuner card,
digital camera, digital video camera, web camera, and the
like. These and other input devices connect to the processing
unit 1414 through the system bus 1418 via interface port(s)
1438. Interface port(s) 1438 include, for example, a serial
port, a parallel port, a game port, and a universal serial bus
(USB). Output device(s) 1440 use some of the same type of
ports as mput device(s) 1436.

Thus, for example, a USB port may be used to provide
input to computer 1412, and to output information from com-
puter 1412 to an output device 1440. Output adapter 1442 1s
provided to illustrate that there are some output devices 1440
like monitors, speakers, and printers, among other output
devices 1440, which require special adapters. The output
adapters 1442 include, by way of illustration and not limita-
tion, video and sound cards that provide a means of connec-
tion between the output device 1440 and the system bus 1418.
It should be noted that other devices and/or systems of devices
provide both mput and output capabilities such as remote
computer(s) 1444.

Computer 1412 can operate in a networked environment
using logical connections to one or more remote computers,
such as remote computer(s) 1444. The remote computer(s)
1444 can be a personal computer, a server, a router, a network
PC, a workstation, a microprocessor based appliance, a peer
device or other common network node and the like, and
typically includes many or all of the elements described rela-
tive to computer 1412.

For purposes of brevity, only a memory storage device
1446 1s 1llustrated with remote computer(s) 1444. Remote
computer(s) 1444 1s logically connected to computer 1412
through a network interface 1448 and then physically con-
nected via communication connection 1450. Network inter-
face 1448 encompasses wire and/or wireless communication
networks such as local-area networks (LAN) and wide-area
networks (WAN). LAN technologies include Fiber Distrib-
uted Data Interface (FDDI), Copper Distributed Data Inter-
tace (CDDI), Ethernet, Token Ring and the like. WAN tech-
nologies include, but are not limited to, point-to-point links,
circuit switching networks like Integrated Services Digital
Networks (ISDN) and vanations thereon, packet switching
networks, and Digital Subscriber Lines (DSL).

Communication connection(s) 1450 refer(s) to the hard-
ware/software employed to connect the network interface
1448 to the bus 1418. While communication connection 1450
1s shown for illustrative clarity inside computer 1412, 1t can
also be external to computer 1412. The hardware/software
necessary lfor connection to the network interface 1448
includes, for exemplary purposes only, internal and external
technologies such as, modems including regular telephone
grade modems, cable modems and DSL modems, ISDN
adapters, and Ethernet cards.

FIG. 15 1llustrates a schematic block diagram of an exem-
plary computing environment 1530, in accordance with an
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embodiment of the invention. The system 1500 includes one
or more client(s) 1510. The client(s) 1510 can be hardware
and/or software (e.g., threads, processes, computing devices).
The system 1500 also includes one or more server(s) 1520.
Thus, system 1500 can correspond to a two-tier client server
model or a multi-tier model (e.g., client, middle tier server,
data server), amongst other models. The server(s) 1520 can
also be hardware and/or software (e.g., threads, processes,
computing devices). The servers 1520 can house threads to
perform transformations by employing the subject innova-
tion, for example. One possible communication between a
client 1510 and a server 1520 may be in the form of a data
packet transmitted between two or more computer processes.

The system 1500 includes a communication framework

1530 that can be employed to facilitate communications
between the client(s) 1510 and the server(s) 1520. The

client(s) 1510 are operatively connected to one or more client
data store(s) 1540 that can be employed to store information
local to the client(s) 1510. Siumilarly, the server(s) 1520 are
operatively connected to one or more server data store(s)
1550 that can be employed to store information local to the
servers 1520.

The above description of illustrated embodiments of the
invention, icluding what 1s described in the Abstract, 1s not
intended to be exhaustive or to limit the mvention to the
precise forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for 1llustra-
tive purposes, various modifications are possible within the
scope of the mvention, as those skilled in the relevant art
should recognize.

These modifications can be made to the invention in light of
the above detailed description. The terms used 1n the follow-
ing claims should not be construed to limit the invention to the
specific embodiments disclosed 1n the specification. Rather,
the scope of the invention 1s to be determined entirely by the
following claims, which are to be construed in accordance
with established doctrines of claim interpretation.

What 1s claimed 1s:
1. A system comprising:
at least one processor that executes the following computer
executable components:
a puncturing component that dertves one or more partial
puncturing patterns from a parity check matrix/graph
of a mother code and a puncturing pattern related to a
target rate of a rate compatible punctured code;
a rowcombining component that:
combines rows of the parity check matrix/graph based
on the derived one or more partial puncturing pat-
terns; and

creates at least one decoding matrix/graph that repre-
sents the rate-compatible punctured code based on
the combined rows; and

a selection component that selects a decoding matrix/
graph from the created at least one decoding matrix/
graph that does not include a girth-4 cycle.

2. The system of claim 1, further comprising:

a pattern component that creates a puncturing pattern for
decoding the rate-compatible punctured code using the
selected decoding matrix/graph.

3. The system of claim 2, further comprising;:

a graph component that derives a girth-4-free decoding
matrix/graph that corresponds to the rate-compatible
punctured code based on, at least 1n part, the selected
decoding matrix/graph and the created puncturing pat-
tern.
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4. The system of claim 3, further comprising:

a decode component that decodes the rate-compatible
punctured code based on, at least 1n part, a difference
between the puncturing pattern specified for the mother
code and the dertved one or more partial puncturing,
patterns.

5. The system of claim 1, wherein the rowcombining com-

ponent combines the rows by:

puncturing a bit from at least one parity check equation by
modulo-2 adding one parity check matrix/graph with the
one parity check matrix/graph and other parity check
equations associated with the bit; and

removing the punctured bit and one associated parity check
equation from the parity check matrix/graph based on
the modulo-2 adding.

6. The system of claim 5, wherein the selection component

selects the decoding matrix by:
deleting an all zero row based on the removing; and
selecting a decoding matrix to represent rate-compatible
punctured code as a function of the deleting.
7. A method comprising:
employing at least one processor to execute computer
executable structions stored on at least one computer
readable medium to perform the following acts:
creating a partial puncturing pattern based on a punctur-
ing pattern of a matrix of a mother code;

puncturing one or more bits from the mother code matrix
based on the created partial puncturing pattern;

selecting a decoding matrix based on the puncturing;
and

obtaining a graph without girth 4 cycles that represents
rate-compatible punctured code based on, at least 1n
part, the selected decoding matrix and the created
puncturing pattern.

8. The method of claim 7, further comprising:

determining a modified puncturing pattern based on a dif-
ference between the puncturing pattern specified for the
matrix of the mother code and the created partial punc-
turing pattern; and

decoding the rate-compatible punctured code with the
selected decoding matrix based on the modified punc-
turing pattern.

9. The method of claim 8, wherein the rate-compatible
punctured code comprises a punctured Low-density Parity-
check (LDPC) code.

10. The method of claim 8, wherein the rate-compatible
punctured code comprises a punctured Block-type Low-den-
sity Parity-check (B-LDPC) code.

11. The method of claim 10, wherein the creating com-
Prises:

creating a modified block puncturing pattern associated
with a selected decoding matrix for decoding the rate-
compatible punctured code based on a puncturing pat-
tern associated with a base matrix of the mother code.

12. The method of claim 11, wherein the puncturing com-
Prises:

puncturing each block matrix based on an associated block
puncturing pattern.

13. The method of claim 12, wherein the selecting com-

Prises:

selecting a decoding matrix for each block based on the
puncturing.

14. The method of claim 13, wherein the obtaining com-

Prises:

obtaining a graph without girth 4 cycles that represents the

rate-compatible punctured code based on, at least in
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part, an associated selected decoding matrix and created
modified block puncturing pattern.
15. The method of claim 8, wherein the decoding com-
Prises:
decoding punctured Block-type Low-density Parity-check
(B-LDPC) code based on a girth-4-free graph that rep-
resents the punctured B-LDPC code;
wherein the girth-4-free graph 1s dertved from an associ-
ated B-LDPC mother code based on a selected dertved
partial puncturing pattern.
16. The method of claim 7, wherein the puncturing com-
Prises:
removing one or more variable nodes from the matrix of
the mother code.
17. The method of claim 16, wherein the removing com-
Prises:
combining one or more parity check equations of the
mother code matrix by eliminating a punctured parity
variable related to checksums of the one or more parity
check equations.
18. An apparatus comprising:
at least one processor;
at least one memory device coupled to the at least one
processor, wherein the at least one processor accesses
data and 1nstructions stored in the at least one memory
device, and wherein the at least one memory device
comprises structions for:
receiving a parity check matrix of a mother code;
receiving a puncture pattern of the parity check matrix;
determining partial puncture patterns based on the
recerved puncture pattern and the mother code graph/
matrix;
combining rows of the parity check matrix based on the
determined partial puncture patterns; and
selecting a decode matrix and puncture pattern that rep-
resents rate-compatible punctured code based on, at
least in part, the combining, the determining, and the
puncture pattern of the mother code.
19. The apparatus of claim 18, wherein the at least one
memory device turther comprises instructions for:
deriving a modified puncturing pattern based on the deter-
mined partial puncture patterns; and
determining a girth-4-free graph that represents the rate-
compatible punctured code based on the selected decode
matrix and the modified puncturing pattern.
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20. The apparatus of claim 18, wherein the combining
COmMprises:
puncturing a bit associated with check equations of the
parity check matrix; and
removing a check equation based on the punctured bat.
21. The apparatus of claim 18, wherein the determining
COmprises:
determining a block puncturing pattern for each block of a
punctured Block-type Low-density Parity-check
(B-LDPC) code based on, at least in part, a puncture
pattern of a base matrix of the mother code.
22. The apparatus of claim 21, wherein the combining,
COmMprises:
puncturing each block based on puncture subsets of a punc-
turing pattern of the block; and
combining block rows related to the punctured block.
23. The apparatus of claim 22, wherein the selecting com-
Prises:
selecting a decode matrix and puncture pattern for each
block size of the punctured B-LDPC code as a function
of the determining, the puncturing, and the combining.
24. The apparatus of claim 23, wherein the determining
COmprises:
determining a girth-4-free graph that represents each block
based on the selected decode matrix and the selected
puncture pattern associated with the block size.
25. A decoder comprising:
at least one processor;
at least one memory device coupled to the at least one
processor, wherein the at least one processor accesses
data and 1nstructions stored in the at least one memory
device, and wherein the at least one memory device
comprises nstructions for:
decoding on a girth-4-free graph using a modified punc-
turing pattern that represents a rate-compatible punc-
tured code;
deriving a partial puncturing pattern for a target rate of
the rate-compatible punctured code; and
obtaining the rate-compatible punctured code based on
the modified puncturing pattern, wherein the modi-
fied puncturing pattern 1s determined by the ditfer-
ence between a puncturing pattern of a mother code
graph and the dertved partial puncturing pattern.
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